Introduction

80
Over the past 50 years, railway prestressed concrete sleepers have been used in rail networks around 81 the world, especially in Europe and Japan. In Australia, concrete sleepers have been designed to 82 withstand up to 40 tonne axle loads and used for nearly 35 years [1] [2] [3] . The railway sleepers (called 83 'railroad tie' in the US) are a key structural element of railway track structures. The sleepers 84 redistribute dynamic pressures from the rail foot to the underlying ballast bed. Based on the current 85 design approach, the design life span of the concrete sleepers is also considered to be around 50 86 years [3] [4] [5] [6] . Figure 1 demonstrates a typical ballasted railway track and its components. During their 87 life cycles, railway track structures experience static, dynamic and often impact loading conditions 88 due to wheel/rail interactions associated with the abnormalities in either a wheel or a rail [7] . Based principle, the impact capacity relates to design load (F*) for the limit states design concept [11] , 94 taking into account both the static (F s ) and dynamic (F i ) wheel loads. There are three main steps in 95 designing the concrete sleepers. First, the design actions or loads are to be determined based on the 96 importance level of the track (e.g. F* = 1.2 F s + 1.5 F i ). Then, the design moment can be achieved 97 by converting the design load to sleeper bending moment envelopes using an advanced dynamic 98 analysis of railway tracks or an empirical design formulation [11] [12] [13] . Finally, the strength and 99 serviceability of the prestressed concrete sleepers can be optimized in accordance with the 100 Australian Standard AS3600 [6] and other design guidelines for concrete structures [14, 15] . University of Wollongong (UoW), Australia. Visual inspections and laboratory material testings 127 were conducted at the initial stage of the project. Eight of the sleepers were evaluated for the static 128 bending capacities in accordance with Australian Standards. Three of the sleepers were subjected to 129 multiple high-intensity impact loads associated with the risk and the probabilistic loads on the track. 130 This paper presents experimental studies into the load rating of in situ prestressed concrete sleepers 131 and engineering characteristics of construction materials used for manufacturing concrete sleepers. 132 In addition, dynamic impact load rating of the concrete sleepers was carried out in order to underpin 133 the failure mode analyses associated with operational track forces' risk and probability. 
Experimental Programs
136
Test specimens
137
Fifteen sleepers were extracted from the coal line and transported to UoW for testing in accordance 138 with Australian Standard AS1085.14 [4]. Table 1 shows the measured dimension of the sleeper 139 specimens. It was found that cross-sections of the prestressed concrete sleeper were optimized for 140 specific load carrying capacities at different functional performances for rail seat and mid span.
141
The rail infrastructure operator confirmed that the sleepers were typical prestressed concrete Table 2 were thus adopted from AS1085.14 and AS3600, respectively [4, 5] . Before the 149 tests started, every sleeper was visually inspected and the major dimensions of the sleepers were 150 then measured. The measurements were taken at the rail seat and the centre of the sleepers. Since no 151 original drawings were provided, it was not possible to compare the in-situ dimensions to the 152 nominal dimensions. From the visual inspection, most of the sleepers suffered severe abrasion of the 153 soffit surface. Some of the sleepers showed concrete spalling near the centre, adjacent to the rail seat 154 and at the sleeper ends. Table 3 summarises the physical conditions of the aged concrete sleepers.
155
In this experimental study, aged concrete sleepers were selected for the load rating 
Material testing
168
Core samples were taken from two sleepers. The cored samples, drilled from the sleepers, 169 were taken to confirm the material properties of the tested concrete sleepers, in accordance with the 170 Australian Standard AS 1012.14 (1991) [22] . The standard recommends avoiding the top layer of a 171 concrete member, as it may be of lower strength than the bulk of the concrete. There can be a 172 strength gradient within the concrete, increasing with depth below the surface resulting from curing 173 and consolidating effects. In their manufacture, the sleepers are cast upside down, therefore coring 174 from the bottom was avoided in this study.
175
The ends of the two sleeper specimens were cut clean from the rest of the sleeper at the 176 location of the rail seat, as shown in Figure 4 . The sleeper ends were then placed upright and the cores extracted from the freshly cut interior face. The concrete cores were extracted from between 178 the two rows of prestressing wires from each of the two specimens.
179
Once the cylindrical cores were extracted from the sleeper ends, they were checked for 180 overall smoothness, steps, ridges and grooves. The ends of the samples were trimmed and finished 181 to a smooth flat surface with the length-to-diameter ratio maintained at 2:1. An investigation into 182 the actual residual strength of concrete, using five concrete cylinders with a diameter of 55 mm, 183 suggested that the average compressive strength was 44 MPa (+ 4 MPa) [21] . Compared with the 184 design data in Table 2 , the deviation of concrete strength (about 10%) could be attribute to poor 185 quality during manufacturing and construction, internal micro cracking due to sudden transfer of 186 pre-stressing and dynamic impact loads, and material deterioration in an aggressive environment. The overall experimental program at UoW is summarised in The methodology for impact testing of sleepers developed by Kaewunruen [3] 
Load actions associated with risk and probability
262
The rationale for selecting a magnitude of the impact load was based on the outcomes of study by Assuming the most unlikely loading scenario, that the sleepers would experience, and even 280 allowing for the greatly increased traffic planned for the heavy-haul coal line, the following testing 281 regimes for the concrete sleepers were devised:
282
Step 1. Subject sleepers to impact load with a magnitude of approximately 600 kN and visually 283 inspect the sleepers for cracking.
284
Step 2. Repeat loading the sleepers with the 600-kN impact load 10 times. This would effectively 285 represent behaviour of the sleepers over a 4,000-year period. Inspect the sleepers for cracking after 286 each impact event.
287
Step 3. Investigate behaviour of the sleepers under extreme loading conditions (with a return period 288 of several million years) by applying loads with a magnitude in excess of 1000 kN. 289 For all dynamic tests in this investigation, the impact load time history was recorded by the 290 high-capacity interface load cell connected to the high speed data acquisition system. The load time 291 histories were recorded at the sampling rate of 50,000 samples per second (50 kHz) to capture all 292 important features of the dynamic load waveforms. Figure 11 shows 
Rail Seat Bending Strength
298
The capacity of the heavy-haul, coal-line concrete sleepers was investigated for both positive and 299 negative moments acting at the rail seat. 
Rail seat negative moment test
317
Rail seat negative moment tests were performed on the sleeper UOW7 and sleeper UOW8. 318 The sleeper UOW7 suffered severe abrasion of the concrete cover at the bottom surface and 319 concrete was damaged at the end of the sleeper causing one of the prestressing wires to be exposed. 320 The sleeper UOW8 suffered very severe abrasion on the concrete cover at the bottom surface. 
Centre Bending Strength
332
The capacity of the heavy-haul concrete sleepers was investigated for both positive and negative 333 moments acting at the centre. Figure 19 shows the cracking and crushing of concrete for sleeper UOW1. The results from static tests on four concrete sleepers are summarised in Table 5 , which presents the 363 cracking moment and the ultimate moment capacities for the sleepers tested in this investigation.
364
These results can be used for benchmarking assessments of the concrete sleepers on a future heavy- a return period of 400 years (representing a 1:400 load magnitude that is probabilistically designed to occur once a year [2, 32] ), the sleeper was later subjected to the impact force of 700 kN by 383 dropping the anvil from a 1025 mm height. 
Rail Seat Impact Strength, Soft Track Support Conditions
419
One of the aged sleepers in this study was used to determine the rail seat ultimate impact 420 resistance in the soft track conditions. As justified above, the impact force of 600 kN with a 421 duration about 10 msec was chosen for impact testing of the concrete sleepers. The drop hammer 422 machine was re-calibrated to achieve repeatability of the parameters of impact forces in each impact 423 event. It was established that the 600 kg anvil is required to be dropped from a height of 800 mm to 424 generate the impact force with a magnitude of about 600 kN. The load duration was controlled by 425 the neoprene pads placed on the top of the rail.
426
The dynamic loading programme included 10 consecutive impact events applied to the rail 427 seat through the rail. applications with a magnitude of about 600 kN.
432
For the next stage of testing, the sleeper was subjected to a series of extremely high impact 433 loads simulating extraordinary loading events. The sleeper was initially subjected to a 1200 mm drop of the anvil that generated an impact force with a magnitude of 840 kN. For the last impact, the Severe abrasion of bottom concrete surface and concrete was damaged adjacent to the rail seat.
UOW3
Very severe abrasion of bottom concrete surface. Three wide cracks at the top surface adjacent to the mid-span.
UOW4
Moderate abrasion of bottom concrete surface, and concrete between the mid-span and rail seat was damaged.
UOW5
Severe abrasion of bottom concrete surface and concrete was damaged adjacent to the rail seat.
UOW6
Moderate abrasion of bottom concrete surface and a wide crack underneath the rail seat. UOW7
Severe abrasion of bottom concrete cover, damage of the concrete at the end of the sleeper causing one prestressing wire was exposed UOW8
Very severe abrasion of bottom concrete surface. 
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